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on Human Mesenchymal Stem Cell
OsteogenesisAlbino Martins,* Marta L. Alves da Silva, Susana Faria,
Alexandra P. Marques, Rui L. Reis, Nuno M. NevesA specially designed electroconductive collector enables the electrospinning of P-NFM com-
posed of areas of parallel/uniaxially aligned fibers and areas of random/orthogonal nanofiber
distribution. The biological relevance of P-NFM is demonstrated using hBMSCs as an auto-
logous cell source. The structures induce cell orientation along the uniaxially aligned fibers,
mainly during earlier culturing periods under basal and osteogenic differentiation conditions.
The microtopography of the
P-NFM also controls the depo-
sition ofmineralized extracellu-
larmatrix along the pre-defined
fiber direction. Genotypic
characterization confirms the
successful differentiation into
the osteogenic lineage.Introduction
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The obtainedmesh-like structures are typically character-
ized by a random distribution of fibers with diameters in
the nanometer/sub-micrometer range and, thus, by a high
specific surface area. The topography and surface mor-
phology of this nanofibrous scaffold, resembling the
fibrous structure of the natural extracellular matrix
(ECM) of many living tissues, has been considered amajor
benefit of these structures.[4] High microporosity and
improved mechanical properties are also important
properties of electrospun nanofiber meshes, allowing
mass transport across the structure without compromis-
ing its structural integrity. In particular, these properties
seem to be beneficial in the adhesion, viability, prolifera-
tion and maturation or differentiation of different cell
types, namely keratinocytes and fibroblasts,[6] smooth
muscle and endothelial cells,[7] chondrocytes,[8,9] osteo-
blasts,[10,11] cardiomyocytes,[12] mesenchymal stem
cells[13] andneural stemcells.[14] Indeed, suchfibermeshes
offer specific properties, as previously mentioned, for
inducing tissue regeneration, once cells can bridge thelibrary.com DOI: 10.1002/mabi.201100012
Figure 1. Photograph of the chess-like wire net used to collect the
electrospun patterned nanofiber meshes (P-NFM).
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homogeneous tissue growth.
Functional and structural engineering of musculoskeletal
tissuemayinvolve theuseofappropriatedcells culturedwith
specific growth factors in biomaterial scaffolds.[15–17] While
several tissues remain an important source of therapeutic
relevant differentiated cells, stem cells have emerged as a
strong alternative due to their expansion potential and the
fact that they can be obtained from autologous sources.[18]
Additionally, advances in stem cell biology have shown that
mesenchymal stem cells (MSCs) can differentiate into a
variety of connective tissues, including bone, cartilage, fat,
muscle and tendon, when cultured with appropriated
supplemented culture media and specific environments.[19]
Moreover, the successful differentiation ofMSCs along these
distinct lineages on electrospun nanofibrous scaffolds has
been also demonstrated.[13,20–22]
In theelectrospinning technique,ahighvoltagepotential
is applied to a polymeric solution held in a syringe and
coupled to a pump for flow control. A jet is driven from the
needle in the direction of the grounded collector. The large
diameter reduction from a millimeter fluid jet to a
nanoscale solid fiber is due to an instability, where the
jet is stretched by fast whipping and bending, in the way
towards the collector, also involving solvent evapora-
tion.[23] Thus, the polymeric solution properties (i.e.,
concentration, viscosity, surface tension, conductivity
and type of solvent), the processing parameters (i.e., electric
field, needle tip-to-collector distance and polymeric flow
rate) and the environmental conditions are all determinant
factors for a successful electrospinning process.[24,25]
Among them, the type of collector may play an important
role in the production of nanofiber meshes with different
topographies. Typically, electrospun nanofibers are col-
lected randomly inamesh-like structuredue to thebending
instability associated with the electrified polymeric jets.
The main topographical achievement reported in the
literature is the production of parallel alignment of
nanofibers in meshes.[24,26] These meshes could be pro-
ducedusing rotating cylinder orplate collectors, conductive
metallic strips with a geometrical distribution and sharp
metallic pieces positioned oppositely. However, the pro-
duction of electrospun nanofiber meshes with complex
ordered topographies and patterns remains a challenge.[27]
Recently, our group and others described the possibility of
producing electrospun nanofiber meshes comprising both
types of topographies (random and parallel alignment of
nanofibers in the same mesh), designated as patterning of
polymer nanofiber meshes.[28–31]
We report herein the production of patterned nanofiber
meshes (P-NFM) by electrospinning, using a specially
designed electroconductive collector, obtaining a chess-
like geometry. These nanofibrous structures are character-
ized by areas of random orthogonal alignment and areas ofwww.MaterialsViews.com
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frequently mentioned in the literature that the typical
random distribution of electrospun nanofibers in a mesh-
like structure resembles the topography of the native
collagen ECM of various connective tissues. However, the
complex ordered organization of the ECM is not usually
replicated in this typical randomly aligned nanofibrous
structure. Consequently, we aim to take a step forward in
the nanofabrication of structures by mimicking more
closely the structural complexity of the natural ECM.
Although the processing parameters controlling the
deposition and arrangement of fibers on the patterned
architectures are well documented,[30] the potential of
patterned nanofibermeshes in the biomedical field has not
yet been sufficiently explored. Therefore, this manuscript
represents thefirst researchstudyonthepotentialofP-NFM
for sustaining the differentiation of relevant human stem
cells for tissue engineering and regenerative medicine
applications. To test the potential of these structures for
bone tissue engineering, human bone marrow mesench-
ymal stem cells (hBMSCs) were seeded on and induced to
differentiate towards the osteogenic lineage. This cellular
performance (i.e., adhesion, morphology, viability, prolif-
erationanddifferentiation)wasassessedatdifferentpoints
in time to understand the influence of patterned nanofiber
meshes, compared to the typical random nanofibrous
structures produced by electrospinning.Experimental Section
Production of Patterned Nanofiber Meshes
A polymeric solution of poly(e-caprolactone) (PCL, TONETM, Union
Carbide Chemicals and Plastics Division, New Jersey) at 17% (w/v)
was prepared using a mixture of chloroform and dimethylforma-
mide (7:3), as described elsewhere.[28,29] A voltage of 10 kV, a
current of 0.05mA and a needle tip-to-ground collector distance of
20 cmwereselectedasprocessingconditionsafteroptimization.An1, 11, 978–987
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A. Martins, M. L. Alves da Silva, S. Faria, A. P. Marques, R. L. Reis, N. M. Neveselectroconductive chess-like wire net with 1.0mm spacing
between two consecutivewireswasused as the collector (Figure 1).
Characterization of Patterned Nanofiber Meshes
Patterned electrospun PCL nanofiber meshes were gold sputter-
coated (model SC502, Fisons Instruments, England) for 2min at
15mA. Samples were analyzed using a scanning electron micro-
scope (model S360, Leica, Cambridge, England). Micrographs were
recorded at 15 kV with magnifications ranging from 100 to 5000
times.
The surface topography of the patterned electrospun PCL
nanofibermesheswas assessed from the non-contact profilometry
using an interferometer profiler (model NT1100, Wyko-Veeco,
Tucson, AZ) equipped with WycoVision 32 analytical software.
Topographic roughness parameters Ra (roughness average) and Rq
[root mean square (RMS) roughness] were determined for each
sample. Each samplewasevaluatedat three randomlyselectedand
representative specimen locations.
Expansion, Seeding and Osteogenic Differentiation
of hBMSCs
hBMSCs (Biopredic International, France) were isolated and
characterized according to the method established by Delorme
and Charbord.[32] hBMSCs were expanded in basal medium
consisting of Dulbecco’s modified Eagle’s medium (DMEM;
Sigma-Aldrich, Germany) supplemented with 10% heat-inacti-
vated fetal bovine serum (FBS; Biochrom AG, Germany) and 1%
antibiotic/antimyotic solution (final concentration of penicillin
100units mL1 and streptomycin 100mg mL1 (Gibco, GB). Cells
were cultured in a 5% CO2 incubator at 37 8C.
Before the in vitro studies, the random and patterned PCL
nanofiber meshes were cut into samples with areas of approxi-
mately1 cm2and sterilizedbyUV irradiationover1honeachsideof
themesh.ConfluenthBMSCsatpassage2wereharvestedforseeding
onto the patterned PCL nanofiber meshes at a density of
1.5105 cells  cm2 of the nanofiber mesh. Random PCL nanofiber
meshes were used as controls in the study. The nanofiber mesh/
hBMSCsconstructswere left for48hunderagitation (orbital shaker),
allowing cells to arbitrarily colonize the entire surface of the mesh.
After the seedingwas completed, the constructswere cultured for 7,
14 and 21d under static conditions, in standard osteogenic
differentiation medium (basal medium supplemented with
50mg mL1 ascorbic acid, 102 M b-glicerophosphate and 107 M
dexamethasone).
Cell Morphology and Distribution
After eachcultureperiod, the constructs forfluorescencemicroscopy
analysis were fixed in 10% formalin solution neutral buffer (Sigma-
Aldrich,Germany)for30minandmaintainedinphosphate-buffered
saline (PBS) until further use. Thenucleus and the cytoskeletonactin
filaments of the cellswerefluorescently labeledwith4,6-diamidino-
2-phenyindole dilactate (DAPI; Sigma, USA; dilution 1:1000) and
phalloidin-tetramethylrhodamine B isothiocyanate (Sigma, USA;
dilution 1:100), respectively, and the constructs analyzed using a
fluorescence microscope (Zeiss, Germany).Macromol. Biosci. 201
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were previously fixed with 2.5% glutaraldehyde (Sigma, USA) in
phosphate buffer saline solution (Sigma, USA) for 1 h at 4 8C, and
then dehydrated through an increasing series of ethanol concen-
trations and left to dry overnight. Finally, they were gold sputter-
coated (sputter coater model SC502, Fisons Instruments, England)
and analyzed by SEM (model S360, Leica, Cambridge, England).Cell Viability and Proliferation (MTS Assay and
DNA Content)
Cell viability for each culturing time was determined using the
CellTiter 96AqueousOneSolutionCell ProliferationAssay (Promega,
USA). This assay is based on the bioreduction of a tetrazolium
compound, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphe-
nyl)-2-(4-sulfofenyl)-2H-tetrazolium (MTS), into a water soluble
brown formazan product. This conversion is accomplished by
NADPH or NADH production by the dehydrogenase enzymes in
metabolically active cells. The absorbancewasmeasured at 490nm
using amicroplate reader (Synergie HT, Bio-Tek, USA), being related
to the quantity of formazanproduct and directly proportional to the
number of living cells in the constructs. Three samples of each
nanofiber mesh per time point were characterized.
Cell proliferation was quantified by the total amount of double-
stranded DNA along the culturing time. Quantification was
performed using the Quant-iT PicoGreen dsDNA Assay Kit (Invitro-
gen,Molecular Probes,Oregon,USA), according to the instructionsof
the manufacturer. Briefly, cells in the construct were lyzed by
osmotic and thermal shock and the supernatant used for the DNA
quantificationassay.Afluorescentdye, PicoGreen,wasusedbecause
of its high sensitivity and specificity to double-stranded DNA. The
fluorescenceof thedyewasmeasuredatanexcitationwavelengthof
485/20nm and at an emission wavelength of 528/20nm, in a
microplate reader (Synergie HT, Bio-Tek, USA). Triplicates were
carried out for each sample and per culturing time. The DNA
concentrationforeachsamplewascalculatedusingastandardcurve
(DNA concentration ranging from 0.0 to 1.5mg mL1) relating the
quantity of DNA and fluorescence intensity.Alkaline Phosphatase Quantification and
Immunodetection of Bone-Specific Proteins
The concentration of alkaline phosphatase (ALP) was determined
for all time culture periods, using the same samples used for DNA
quantification. Briefly, the activity ofALPwas assessed using thep-
nitrophenol assay. Nitrophenyl phosphate disodium salt (pnPP;
Fluka BioChemika, Austria), which is colorless, is hydrolyzed by
alkaline phosphatase at pH¼ 10.5 and a temperature of 37 8C to
form free p-nitrophenol,which is yellow. The reactionwas stopped
by the addition of 2M NaOH (Panreac Quimica, Spain) and the
absorbancereadat405nminamicroplatereader (Bio-Tek,Synergie
HT, USA). Standards were prepared with 10mmol mL1
p-nitrophenol (pNP; Sigma, USA) solution, to obtain a standard
curve ranging from 0 to 0.3mmol mL1. Triplicates of each sample
and standardweremade, and theALP concentrations read off from
the standard curve.
The osteogenic phenotype of hBMSCs seeded onto the patterned
PCL nanofiber meshes was also assessed by the immunodetection1, 11, 978–987
H & Co. KGaA, Weinheim www.MaterialsViews.com
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following the streptavidin/biotin peroxidase complex approach
(R.T.U. Vectastain Universal Elite ABC kit; Vector Laboratories Inc.,
Burlingame, CA), using a rabbit polyclonal antibody against
osteopontin (AbcamLtd., Cambridge, UK; dilution1:1500), amouse
monoclonal antibody against osteocalcin (clone OC4-30, Abcam
Ltd., Cambridge, UK; dilution 1:100) and a rabbit polyclonal
antibody against bone sialoprotein II (Chemicon International Inc.,
Germany; dilution 1:2500). Prior to the immunocytochemistry
procedure, constructs were fixed in 10% formalin solution neutral
buffer (Sigma-Aldrich, Germany) for 30min and maintained in
phosphatebuffer saline (PBS) until furtheruse. The constructswere
treated with 0.3% hydrogen peroxide in methanol for 30min to
inactivate the endogenous peroxidases. After washing with PBS,
the constructs were blocked with 2.5% normal horse serum for
20min at room temperature to avoid unspecific reactions. Primary
antibodies were incubated overnight at 4 8C. Negative controls
were set in the absence of primary antibody incubation. After
washing in PBS, the samples were incubated for 30min with
biotinylated secondary antibody anti-rabbit/mouse IgG, followed
by incubation with streptavidin-peroxidase complex (Elite ABC
Reagent). The immune reaction was visualized using DAB as a
chromogen (DAB Substrate Reagent from Peroxidase Substract Kit;
Vector Laboratories Inc, Burlingame, CA).RNA Isolation and Real-Time Quantitative
Polymerase Chain Reaction (qPCR)
Total RNA from the constructs was extracted using the Trizol
(Invitrogen, Life Technologies Inc., UK) method, according to the
manufacturer’s directions. Briefly, at each culturing time, the
constructswerewashedwith PBS, immersed in Trizol and stored at
80 8C until further use. Proteins were removed with chloroformTable 1. Primers list of osteogenic markers.
Gene
ALP sense
antisense
OP sense
antisense
BSP sense
antisense
OC sense
antisense
Runx2 sense
antisense
Osterix sense
antisense
GAPDH sense
antisense
www.MaterialsViews.com
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alcohol and once with 70% ethanol. The total RNA pellets were
reconstituted in RNAse-free water (Gibco, Invitrogen, UK).
Reverse transcriptase (RT)-PCR was performed according to
the protocol from the iScript cDNA synthesis kit (BioRad, Hercules,
CA, USA). Briefly, a reaction mixture consisting of 1X iScript
ReactionMix, 1mL iScript Reverse Transcriptase, RNA template (up
to1mg totalRNA)andnuclease-freewaterwasprepared, in20mLof
total volume. The single-strand cDNA synthesis occurred by
incubating the complete reaction mixture for 5min at 25 8C,
followed by 30min at 42 8C, and was then terminated by an
incubation at 85 8C for 5min.
Amplification of the target cDNA for real-time PCR quantifica-
tionwasperformedaccording to themanufacturer, using2mL of RT
cDNA products, 106 M of each primer (bone-specific primer sets
listed in Table 1), 1X iQ SYBRGreen Supermix (BioRad,Hercules, CA,
USA)andnuclease-freewater, inafinalvolumeof25mL. 44cyclesof
denaturation (95 8C, 10 s), annealing (temperature dependent on
the gene, 30 s) and extension (72 8C, 30 s) were carried out in a
gradient thermocycler MiniOpticon real-time PCR detection
system (BioRad, Hercules, CA, USA) for all genes. The transcripts’
expression data were normalized to the housekeeping gene
glyceraldehyde-3-phosphate-dehygrogenase (GAPDH) and the
relative quantification calculated by the ~CT method.Statistical Analysis
Statistical analysiswasperformedusing the SPSS statistic software
(Release 15.0.0 for Windows). Firstly, a Shapiro-Wilk test was used
to ascertain the data normality. The results indicated that non-
parametric tests should be used for all comparisons. A Mann-
Whitney U test was performed to analyze the effect of the random
and patterned electrospun nanofibrous structures on the hBMSCs-Primer sequences
(5(-3()
Tm
[-C]
CTCCTCGGAAGACACTCTG 60.0
AGACTGCGCCTGGTAGTTG
GGGGACAACTGGAGTGAAAA 58.4
CCCACAGACCCTTCCAAGTA
CAACAGCACAGAGGCAGAAAAC 59.9
CCTCGTATTCAACGGTGGTG
CTGAGAGGAGCAGAACTGG 61.4
GGCAGCGAGGTAGTGAAGAG
TTCCAGACCAGCAGCACTC 58.1
CAGCGTCAACACCATCATTC
CCCTTTACAAGCACTAATGG 57.1
ACACTGGGCAGACAGTCAG
ACAGTCAGCCGCATCTTCTT 58.4
GACAAGCTTCCCGTTCTCAG
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A. Martins, M. L. Alves da Silva, S. Faria, A. P. Marques, R. L. Reis, N. M. Nevesderived phenotype (cellular proliferation and ALP quantification)
andosteogenic genotype.Pvalues lower than0.01were considered
statistically significant.Results and Discussion
Morphological Characterization of Patterned
Nanofiber Meshes
Typically, a random distribution of nanofibers is obtained
in a static flat collector, caused by the chaotic motion of
polymeric solution during the electrospinning process
[Figure 2(A)]. However, when a metallic conducting wire
net was used as collector, two distinct areas of nanofiber
deposition [Figure 2(B)], reproducing the architecture of the
collector used, were obtained.[29,30] The fibers appeared
aligned and collapsed on the electroconductivewires of the
collector and, consequently, where the electric field was
more intense [Figure 2(C)]. This area was characterized by
significantly larger fiber densities, due to preferential
deposition and fiber agglomeration, which is believed to
be caused by the excess of residual solvent during the
deposition process. Consequently, in this area of parallel/
uniaxial alignment, the average roughness, determined by
interferometric optical profilometry, was significantly
smaller (Ra¼ 789.68nm) [Figure 2(G)], when compared to
the random nanofiber meshes (PCL NFM) (Ra¼ 1.93mm)
[Figure 2(E)]. In the spacing between the wires, the
nanofiber deposition followed an orthogonally aligned
pattern and had a lower density [Figure 2(D)]. The rough-
ness parameter analysis revealed a smooth surface in the
orthogonal alignment area (Ra¼ 1.79mm) [Figure 2(H)],
when comparedwith the typical randomnanofibermeshes
[Figure 2(E)].
It is well known that materials with ordered micro-
structures and patterns may possess specific interest
functions useful in numerous applications, such as micro-Figure 2. SEM micrographs (A-D) and optical profilometric images (E-H
meshes. P-NFM comprise areas of parallel/uniaxial (C and G) and or
Macromol. Biosci. 201
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previously mentioned and herein described, our group has
demonstrated the possibility to electrospin nanofiber
meshes with controlled microstructure and pattern struc-
tures, demonstrating their potential for biomedical appli-
cations.[28,29] In fact, these patterned structures were
initially developed in an attempt to control the morpho-
logical and, consequently, themechanical properties of the
nanofiber meshes. It was demonstrated that P-NFM
presents a tensile modulus of 2.0 0.2MPa, which was
lower than expected due to the high degree of fiber
alignment.[29] However, the orthogonal fiber alignment in
the mesh associated with uniaxial fiber alignment,
transversal to the testing of the main tensile test direction,
explained the observed value of the modulus. The
transversely aligned fibers could control the strain in the
tensile test, causingmore compliant behavior of the P-NFM.
Evenso, thesemi-crystallinepropertyofPCL is likely tohave
a beneficial effect on the structural integrity of the scaffold,
maintaining the size and the shape of the original P-NFM,
without observable macroscopic shrinkage.Phenotypic Characterization of Differentiated
hBMSCs on Patterned Nanofiber Meshes
Various studies have demonstrated that electrospun PCL
scaffolds exhibit optimal structural integrity and support
desirable cellular proliferation and differentiation (MSCs
differentiated intoosteoblastic- andchondrocytic-like cells)
in vitro.[9,20,21,34,35] In addition, 3D porous networks,
composed of PCL and collagen (COL) (1:1), produced by
the multi-layered organization of electrospun nanofiber
membranes appeared to support hBMSCs attachment.[36]
Subcutaneous implantation of the cultured construct into
nude mice demonstrated good integration with the
surrounding tissues and neovascularisation. Electrospun
PCL scaffolds seeded with autologous mesenchymal stem) of the typical random (A and E) and patterned (B and F) nanofiber
thogonal (D and H) alignment of the fibers.
1, 11, 978–987
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Figure 3. SEM micrographs of undifferentiated hBMSCs cultured on patterned nanofiber
meshes over 7 days, at the random orthogonal area of alignment (A) and at the parallel
uniaxial fibers (orientation is indicated by black lines) (B).
Figure 4. SEM micrographs (A, C and E) and fluorescence images (B, D and F) of hBMSCs
induced to differentiate into the osteogenic lineage after 7 (A and B), 14 (C and D) and 21
(E and F) days of culture. Black lines represent the orientation of parallel/uniaxial
aligned fibers.
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for the regeneration of the omenta of
rats.[37] The cell/scaffold constructs were
cultured under osteogenic supplementa-
tion, in a rotating bioreactor, before
implantation. Those studies show the
interest of electrospun nanofibrous scaf-
folds as bone grafts.
The search for surfaces and structures
having a strong, well-defined, beneficial
influence on cell growth is an active
subject in contemporary research.[3,38] In
fact, it has been demonstrated that cells
are sensitive to the topography of the
supporting surface, although the exact
reasons for this observation are unclear.
In our previous studies with patterned
nanofiber meshes, direct contact tests
with human osteoblast-like cells demon-
strated preferential cell adhesion to
regions of random/orthogonal fiber align-
ment, although some cells were aligned
with the regions of parallel orienta-
tion.[28,29] Initially, in the present study,
hBMSCs were seeded and cultured over
7 d on random and patterned PCL nano-
fiber meshes (P-NFM) to verify the influ-
enceof thenanofibermeshtopographyon
cell morphology and distribution. SEM
micrographs demonstrated that undiffer-
entiated cells responded differently to the
different areas of P-NFM (Figure 3). In
orthogonally distributed nanofibers, cells
presented the typical fibroblastic mor-
phology of undifferentiated hBMSCs
[Figure 3(A)]. In the area of parallel/
uniaxial alignment, hBMSCs attached
and spread along the aligned nanofibers
of the patterned fiber meshes
[Figure 3(B)]. Thus, the patterned nanofi-
brous scaffolds created in this studywere
found to dictate cellular morphology,
with cell polarity following the estab-
lished fiber direction. These observations
are supported by a recent study showing
that hMSCs maintained their phenotypic
shapewhen seededon randomlyoriented
scaffolds, and a guided growthwith actin
organization dictated by the prevailingnanofiber orientation of aligned nanofiber meshes.[39]
Overall, the results in the literature demonstrate
that highly oriented electrospun PCL nanofibers are
capable of supporting cell attachment and the proliferation
of hMSCs.www.MaterialsViews.com
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to differentiate into the osteogenic lineage, with the aim of
understandingthe influenceof theP-NFMontheosteogenic
differentiationofhBMSCs,whencomparedwith the typical
PCL NFM. SEM and fluorescence microscopy characteriza-1, 11, 978–987
H & Co. KGaA, Weinheim 983
Figure 6. Box plot of ALP quantification from hBMSCs induced to
differentiate into the osteogenic lineage over 21 days, cultured on
random and patterned nanofiber meshes. Data were analyzed by
the non-parametric method of the Mann-Whitney U test. a,
p<0.01.
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A. Martins, M. L. Alves da Silva, S. Faria, A. P. Marques, R. L. Reis, N. M. Nevestion of cell adhesion and morphology showed a cell
response to the topography of the P-NFM, being spread
in the area of nanofiber parallel/uniaxial alignment
[Figure 4(A)–4(D)]. The induction of cell alignment by the
nanofibers was only observed in the outer regions of the P-
NFM,where a lower density of cells was present, due to the
increment of cell mass in the center of themesh. For longer
culture periods, hBMSCs started to differentiate into the
osteoblastic lineage and tended to show a more polygonal
shape [Figure 4(E)]. This increment in the cell numbers was
confirmedby the cellular proliferation assay, by quantifica-
tion of the double strand DNA content (Figure 5). The DNA
content of hBMSCs, induced to differentiate into the
osteogenic lineage, increased progressively with culture
timeonP-NFM. In fact, itwasonly foundahighlysignificant
difference (p< 0.00001) between the PCL NFM and P-NFM
for 7 d of culture in terms of DNA concentration.
Osteoblastic differentiation of hBMSCs was pursued on
P-NFM by the quantification of the alkaline phosphatase
(ALP). Indeed, ALP production is a distinctive biochemical
indicator of the presence of osteoblasts, sinceMSCs produce
negligible amounts of this enzyme. It can be observed in
Figure 6 that the ALP concentration values increase
progressively with time in the culture of hBMSCs, when
seeded on the patterned nanofiber meshes, reaching a
medianmaximumvalue at 14d of culture under osteogenic
differentiation conditions. The corresponding values of the
ALPconcentration, forPCLNFM,maintainedaconstantvalue
with time. Additionally, it was only found a highly
significant difference (p< 0.00001) between the PCL NFM
and P-NFM for 7d of culture, in terms of ALP concentration.Figure 5. Box plot of DNA content of hBMSCs induced to differ-
entiate into the osteogenic lineage over 21 days, cultured on
random and patterned nanofiber meshes. Data were analyzed by
the non-parametric method of the Mann-Whitney U test. a,
p<0.01.
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namely osteopontin, osteocalcin and bone sialoprotein, was
performed to confirm the osteogenic phenotype of hBMSCs
seeded onto the P-NFM. Photomicrographs showed a
progressive expression of specific osteoblastic glycoproteins
(i.e., osteopontin and bone sialoprotein) on hBMSCs/
patterned nanofiber mesh constructs along the culturing
period (Figure 7), indicating their capability to deposit
mineralizedextracellularmatrix (ECM)mainly intheareasof
parallel/uniaxial alignment of the nanofibers. In fact, these
phosphorylated glycoproteins are also present in the ECMof
bone. ThedepositionofmineralizedECMwasalsoconfirmed
by the immunodetectionof osteocalcin protein,whichbinds
strongly to apatite and calcium. Besides that, the concomi-
tant increment of the enzyme alkaline phosphatase (ALP)
until 14 d of hBMSCs culture also confirmed the osteoblastic
differentiation and mineralization of hBMSCs on patterned
nanofiber meshes, because this enzyme catalyzes the
splicing of phosphate from non-phosphoric esters, consti-
tuting an early biochemical marker of osteogenesis and
deposition of mineralized ECM. These observations are
corroborated by a study where hybrid random nanofibrous
scaffolds, consisting of PCL, poly(vinyl alcohol) (PVA) and
chitosan, were used to culture MSCs and successfully
sustained the induced differentiation into osteoblasts.[40]Genotypic Characterization of Differentiated hBMSCs
on Patterned Nanofiber Meshes
Complementary to previous biological data, the differen-
tiation level of seeded hBMSCs on P-NFM was assessed by1, 11, 978–987
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Figure 7. Optical images of immunodetected osteogenic markers, namely osteopontin (A–C), bone sialoprotein (D–F) and osteocalcin (G–I),
expressed by hBMSCs induced to differentiate into the osteogenic lineage and cultured on patterned nanofiber meshes over 7 (A, D and G),
14 (B, E and H) and 21 (C, F and I) days. Black lines represent the orientation of parallel/uniaxial aligned fibers.
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www.mbs-journal.dequantitativePCRofmRNAtranscripts of somebone-specific
genes. The relative expression of those genes was normal-
ized against the housekeeping gene GAPDH and compared
to hBMSCs cultured and differentiated on PCL NFM. From
the analysis of Figure 8, it was observed that some
transcript levels, namely Alkaline Phosphatase, Runx2
and Osterix, showed a tendency to be increasingly
expressed on P-NFM, during 21d of culture. The remaining
transcripts, specifically the Bone Sialoprotein and the
Osteocalcin, were expressed at stable levels during the
period in culture, with the exception ofOsteopontin, which
presented the highest expression at 14 d. Recently, the
expression pattern of osteoblastic markers during the
differentiation of embryonic stem (ES) cells was
reported.[41] Three periods were defined, namely a prolif-
erativephase, followedbyaperiodofmatrixdepositionand
the mineralization phase. At the end of the matrixwww.MaterialsViews.com
Macromol. Biosci. 201
 2011 WILEY-VCH Verlag Gmbdeposition phase and the beginning of the mineralization
phase,OsteopontinmRNAwasexpressed.BoneSialoprotein
was expressed during the mineralization phase, corre-
sponding to the presence of mature osteoblasts. Finally,
OsteocalcinmRNAwas expressed at a veryhigh level and so
was designed as the essential marker of themineralization
phase. Thus, considering our results and the differences in
the cell typeused, themost important genes involved in the
mineralization process (i.e., Osteopontin, Bone Sialoprotein
and Osteocalcin genes) were constitutively expressed,
confirming the matrix deposition and mineralization by
hBMSCs cultured and differentiated on P-NFM. The main
specific transcription factors involved in the osteogenesis
were also quantified by qPCR, namely the core binding
factor a 1/runt-related gene (Cbfa1/Runx2) and Osterix
(Osx). Cbfa1/Runx2 has been shown to preferentially
initiate two steps of the differentiation process, stem cells1, 11, 978–987
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Figure 8. Relative expression of bone-specific transcripts, namely Alkaline Phosphatase, Osteopontin, Bone Sialoprotein, Osteocalcin, Runx2
and Osterix, by hBMSCs induced to differentiate into the osteogenic lineage over 21 days, cultured on random and patterned nanofiber
meshes. The expression of these genes was normalized against the housekeeping gene GAPDH and calculated by the DCT method.
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A. Martins, M. L. Alves da Silva, S. Faria, A. P. Marques, R. L. Reis, N. M. Nevesinto preosteoblasts and preosteoblasts into osteoblasts,
whereas Osterix acts only during the last preosteoblast/
osteoblast stage.[42,43] Our results showed that Osterixwas
the bone-specific transcript with the highest expression
relative to the housekeeping gene (GAPDH), accompanied
by the progressive expression of Runx2, corroborating the
successful osteogenic differentiation of hBMSCs on P-NFM.
Altogether, the results from phenotypic and genotypic
characterization demonstrated the effectiveness of P-NFM
on the differentiation of hBMSCs into osteoblastic cells and,
consequently, in the deposition of mineralized ECM.
Althoughnosignificantdifferenceswereobservedbetween
the two types of electrospun meshes, the complex ordered
microtopography could promote a favorable biological
response, suchascell guidanceandproliferation.Recently, a
study demonstrated that ligament fibroblasts cultured on
aligned nanofibrous meshes produce more collagen than
random meshes.[44] Indeed, material structures with
parallel orientation or patterns of different ordering may
have specific biological performance in tissue engineer-
ing.[38,44,45] Therefore, it is hypothesized that by creating an
initial synthetic ECM architecture, cell-formed ECMwill be
deposited along the pre-defined fiber direction in greater
amounts in these patterned nanofibrous scaffolds, facil-
itating the formation of a neo-tissue with enhanced
functional characteristics. The application of those nanofi-
brous pattern scaffolds for the regeneration of complex
hierarchical and highly organized functional tissues,Macromol. Biosci. 201
 2011 WILEY-VCH Verlag Gmbinvolving more than one cell community, may provide
helpful cues enabling its self-assembly.Conclusion
The phenotype of hBMSCs was sensitive to the unique
microtopography of P-NFM, inducing cell orientation along
the uniaxially aligned fibers, mainly at earlier culturing
periods under basal and osteogenic differentiation condi-
tions. The unique topography of the patterned scaffold
sustained the deposition of mineralized extracellular
matrix, as observed by the immunodetection of osteo-
blast-specific glycoproteins (i.e., osteopontin and bone
sialoprotein), as well as of osteocalcin protein, associated
with an increased ALP concentration. Additionally, the
progressive expression of bone-specific transcripts con-
firmed the osteogenic genotype of cultured hBMSCs on P-
NFM. Our observations indicate that the presence of
ordered microstructures and patterns supports the devel-
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